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Reflection high-energy electron diffraction oscillations have been studied during the growth of 
strained InxGaJ _ xAs on GaAs by molecular beam epitaxy and migration-enhanced 
epitaxy. The oscillations decay rapidly for x> 0.2 during molecular beam epitaxy, while they 
persist for a long while during migration-enhanced epitaxy. We believe that the altered 
surface reconstruction pattern in the latter case changes the growth mode from 
three-dimensional to a near perfect two-dimensional mode for high strain values. Using 
migration-enhanced epitaxy, we demonstrate improved channel mobility and performance of 
GaAs-based modulation-doped field-effect transistors and narrower linewidths in the 
low-temperature excitonic photoluminescence of InOolGaOo9Asi Aloo}Gaoo7As quantum wells. 
Strained InxGal _ xAs layers have recently been used 
intensively as active regions of high-frequency and high-
speed modulation-doped field-effect transistors (MOD-
FETs) as well as optical devices. I,2 To fully utilize the 
advantages provided by strained layers, one must be able to 
deposit the pseudomorphic heterostructure with very high 
quality and obtain atomically smooth interfaces. In molec-
ular beam epitaxy (MBE), a smooth growth front can be 
achieved if the growth is in a Iayer-by-Iayer two-
dimensional mode. This requires the randomly arriving 
atoms/molecules be able to migrate a large distance so that 
they are incorporated at step sites. 3,4 This picture describes 
MBE of lattice-matched systems very well since in these 
systems the free-energy minimum for the growth front fa-
vors an atomically smooth surface, However, it has been 
observed that, for pseudomorphically strained 
InxGal _ xAs grown on a GaAs substrate by MBE at the 
standard growth temperature (520 ·C), the compressive 
strain induced by excess indium tends to make the growth 
front roughen. The argument used to explain this observa-
tion is that the minimum free energy for a strained system 
may favor a three-dimensional (3D) surface. 5 If this is the 
case, then the growth of strained systems cannot be im-
proved simply by enhancing the surface migration rate of 
atoms. 
One expects the free energy to depend upon the surface 
reconstruction during growth. In MBE the surface is anion 
stabilized with a (2 X 4) or c (2 X 8) reconstruction. It is 
therefore important to examine other possible surface re-
constructions which might change the surface chemical 
energy. Since MBE ofIn-v semiconductors cannot be car-
ried out under a cation-rich condition because the excess 
cation causes nonstoichiometric growth, we examine here 
the migration-enhanced epitaxy (MEE) approach (Fig. 
1 ),6-9 where a few mono layers (up to four) of cations and 
a monolayer of the anion are alternately deposited by shut-
ter control. The surface reconstruction thus alternates be-
tween cation and anion stabilized. In this letter we report 
the in situ refraction high-energy electron diffraction 
(RHEED) observations on the growth of InxGa 1 _ xAs on 
GaAs by both MEE and normal MBE with different 
growth parameters. Properties of InxGal _ xAs/ AIGaAs 
MODFETs and quantum well structures grown by the two 
techniques are also compared. 
RHEED oscillations were observed for growth of 
InxGal_ xAs on (001) GaAs substrates in a Varian 
GEN-II MBE system. The RHEED system consists of a 
commercial 10 keY electron gun focused onto a phosphor-
coated screen. Light from the specular spot in the pattern 
was collected by a lens and focused onto a photomultiplier 
tube. Prior to RHEED observations, growth was inter-
rupted under AS4 overpressure for about 10 min to allow a 
smoothening of the surface. Strained InxGal _;xAs layers 
with different indium mole fractions were then grown on 
the buffer by both MBE and MEE techniques. The growth 
rate was ~O.6 ,um/h. Substrate temperatures ranging from 
520 up to 600 °C were used to reveal their effects on the 
growth modes for normal MBE. It may be noted that in 
growing InxGaj _;xAs at high substrate temperatures, sig-
nificant reevaporation of indium may occur. 10 In our sys-
tem, however, approximately constant indium incorpora-
tion rates were maintained as judged from the period of the 
RHEED oscillations and post-growth x-ray diffraction 
measurements. 
We note that during the growth of InxGaj _ xAs by 
MBE with low V IIII pressure and very high substrate tem-
Time 
FIG. 1. Temporal variation of group III and V fluxes for migration· 
enhanced epitaxyo 
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FIG. 2. RHEED intensity oscillations observed during MBE growth of 
In,Ga l _ ,As at different substrate temperatures: Cal, (b), (CI 
PGa = 5.2X 10-
7 TorT, PA , = 3X 10 S Torr, PIli = 1.14X 10-
1 Torr (d), 
(e) PIn = 2.28 X 10- 7 Torr. 
peratures, RHEED oscillations may terminate abruptly af-
ter a few mono]ayers are deposited. This is because at very 
high temperatures the growth front changes from the 
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FIG. 3. RHEED intensity oscillations observed during growth of 
In,Ga l ,As by MEE: (a) POa ,,"c4.65XIO 7 Torr, P",=1.5XlO-
s 
Torr, (b), (e) Flo = 2.05X 10' 7 Torr. 
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arsenic-stabilized phase into a cation-stabilized phase, re-
sulting in the formation of droplets of cation atoms. This 
should not be confused with the effects of strain. The 
abrupt termination of RHEED oscillations can be pre-
vented even at very high temperatures provided the arsenic 
flux is high enough to maintain an anion-stabilized growth 
front. Figure 2 illustrates the measured RHEED oscilla-
tions for FGa = 5.2X 10 -7 Torr, PAs = 3x 10-5 Torr, 
PIn = 1.14X 10-7 Torr [(a)-(c)], and PIn = 2.28x 10-7 
Torr [(e)-ef)]. One can see that with this V IIII flux ratio, 
instead of an abrupt termination, the oscillations exhibit a 
gradual decay even at 600 0c. Though the oscillations are 
slightly improved at high temperatures, they are by no 
means comparable to those obtained in lattice-matched 
growth. These results verify the argument that strained-
layer MBE at high misfit values favors a 3D growth mode. 
Next we discuss the RHEED oscillations observed 
during MEE of strained layers. Shown in Figs. 3(a)-3(c) 
are the oscillations observed under the MEE condition. 
During MEE growth the surface changes from cation to 
anion stabilized phase alternatively, corresponding to the 
opening of the source shutters. This makes the structure of 
the oscillations very different from those of the anion-
stabilized MBE case. If the shutter opening time is ad-
justed such that approximately a monolayer of atoms are 
deposited in each shutter opening, near-perfect 2D growth 
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FIG. 4. Ca) Hall mobility as a function of temperature in Al.uG3.(J.7Asl 
In'12GaogAs MODFET structures and low-temperature PL data for 
AIQ3Gao7As/ln()lGao.9As quantum well structures with 150 A well size. 
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RHEED patterns between MBE and MEE are also ob~ 
served for InxGaj _ xAs with x = 0.3. In MBE growth, the 
RHEED pattern becomes spotty after a few monolayers 
are deposited. In MEE, the pattern remains streaked even 
after 20 mono]ayers. 
The long~lastjng RHEED oscillations in strained-layer 
MEE indicate that the growth is perfectly 2D. We also 
emphasize that strained-layer anion-stabilized MBE favors 
3D growth. This suggests that due to strong surface recon~ 
struction differences between the two techniques the free-
energy minimum configuration may be different. Further 
studies are required to verify this interesting and important 
observation. 
To verify the advantages of MEE over MBE, we have 
compared the properties of GaAs-based Alo.3G~J.7Asl 
Ino.2Gao.sAs MODFETs with 100 A Ino.2Gao.sAs chan-
nels. In one set the entire structure is grown by MBE at 
560°C while in the other the last five monolayers of the 
Ino.2Gao.sAs channel are grown by MEE. The latter exhib-
its improved mobilities at temperatures ranging from 13 to 
300 K [Fig. 4(a»). The channel electron density in the two 
structures is -1.5 X 1012 cm- 2, 1 (-Lm gate MODFETs 
made of the MEE samples also show improved dc trans-
conductance and microwave performance. For example, at 
room temperature gm = 108 and 59 mS/mm in the devices 
grown by MEE and MBE, respectively. Note that the low 
gm values are partly due to the low electron densities. Low~ 
temperature photoluminescence (PL) measurements were 
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also made on Alo.3GaO.iAs/Ino.lGaO.9As quantum well 
structures with 150 A well size. In one set the whole struc-
ture is grown by MEE while in the other the InO.lGao.9As 
wen is grown by MER The latter shows narrower PL 
linewidth [Fig. 4(b)]. These results suggest that MEE is 
superior to MEE for highly strained-layer growth, and 
should emerge as a viable technique for the realization of 
high-performance devices. 
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